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Each lamb was treated with 12 mg abamectin and 6 mg selenium (Virbamec Oral 143 Plus Selenium, Virbac) before weaning on days 39 (Farm A) and 73 (Farm B) . 144
Genomic DNA extraction 145
PCR positive controls for all five strongylid species were created (Table 2) . 146
Genomic DNA was extracted from 250-300 mg of each of the 1155 faecal samples that 147 were collected from the identified lambs, using the modified Power Soil DNA Isolation Kit 148 (MO BIO Laboratories, Inc.; 2746 Loker Avenue West; Carlsbad, CA 92010) protocol and 149 stored at -20 °C. In brief, samples were subjected to five freeze-thaw cycles, by which 150 each sample was frozen with liquid nitrogen for 4 minutes and then thawed at 90 °C for 4 151 minutes. The final elution volume of C6 solution (MO BIO Laboratories) was adjusted to 50 152 µL to increase the final DNA concentration (Sweeny et al., 2011) . DNA extraction positive 153 and negative controls, along with serial dilutions of genomic DNA were generated (Table  154 2). 155
Faecal worm egg counts 156
Faecal worm egg counts were performed on 2 g faeces from each sample within 2 157 days of collection using a modified McMaster technique (Lyndal-Murphy, 1993) ; each egg 158 counted represented 50 epg. At the time of first sampling (day 0), insufficient quantities of 159 faeces were collected from all lambs to perform both DNA extraction and WEC; therefore 160 WEC data were missing for some lambs at this sampling. 161
PCR amplification 162
For each DNA extract, single-step, conventional PCRs were performed for each 163 strongylid nematode (T. circumcincta, Trichostrongylus spp., H. contortus and C. ovina) , 164 as described by Bott et al., (2009) . Individual species-specific forward primers (TEL, TRI, 165 A c c e p t e d M a n u s c r i p t
Page 9 of 9 all four major Trichostrongylus spp., including T. colubriformis, T. axei, T. vitrinus and T. 169 rugatus, as well as Oesophagostomum columbianum and O. venulosum (Bott et al., 2009) . 170
For each PCR, a 25 µL reaction mixture contained 1 µL DNA, 1x PCR buffer, 2.5 171 mM MgCl 2 , 0.4 mM each deoxynucleotide triphosphate (dNTP), 0.8 µM each 172 oligonucleotide primer and 0.04 U/µL Taq DNA Polymerase (Kapa Biosystems). The PCR 173 thermocycling conditions were as described by Bott et al., (2009) . 174
For any samples that were McMaster WEC positive (≥50 epg) and PCR negative, 175 five separate aliquots (10 µL) of the sample were spiked with 1 µL purified DNA from each 176 of the five strongylid species (T. circumcincta, Trichostrongylus spp., C. ovina, 177 Oesophagostomum spp. and H. contortus) . A 1 µL aliquot from each of the spiked 15 µL 178 mixtures was then re-screened by each strongylid species-specific PCR assay to test for 179 inhibition. A randomly selected 10 PCR negative samples from each farm, at all five 180 sampling occasions, were re-screened by all five species-specific PCRs, with 0.5µL of 181 DNA template added with 0.5µL of positive control DNA (containing five equal proportions 182 of all five species) and re-screened to test for inhibition. 183
Sequence analysis 184
To confirm accurate identification of L 3 from larval cultures, positive control PCR 185 products were sequenced. PCR products from spiked samples and field samples that were 186 PCR positive and McMaster WEC negative (n = 5) were purified using the UltraClean DNA 187
Purification Kit (MolBio) and sequenced using an ABI Prism Terminator Cycle Sequencing 188 Kit (Applied Biosystems) on an Applied Biosystem 3730 DNA Analyzer. Sequence 189 searches were conducted using BLAST 1 and nucleotide sequences were analysed using 190
Chromas Lite version 2.0 2 . Sequences were aligned with reference genotypes to confirm 191 positive identification for H. contortus, T. circumcincta, Trichostrongylus axei, T. 192 A c c e p t e d M a n u s c r i p t Cohen's Kappa (κ) statistic was calculated at each sampling occasion, overall for each 205 farm (all five samplings combined) and overall for the entire study (both farms combined). 206
Categorical data were analysed to test the level of agreement between WEC and PCR 207 results (positive vs. negative), with differences between PCR against WEC, along with 208 WEC against PCR, both accounted for in calculation of the κ statistic. 209
Sampling prevalences (including 95% confidence intervals) were calculated using 210 the exact binomial method for individual strongylid species, mixed strongylid infections 211 (lambs PCR positive for at least two or more strongylid species at a sampling) and overall 212 (lambs PCR positive for a strongylid species across all five samplings) (Thrusfield, 2007) . 213
The mean number of strongylids detected per lamb at each sampling was 214 calculated using arithmetic means for each farm. Odds ratio risk analyses with Pearson'sM a n u s c r i p t
Page 11 of 11 different strongylid species and for lamb faeces in a non-pelleted form (FCS ≥3 with WEC <50 epg spiked with L 3 ) with product sizes in accordance with those described 226 for each strongylid species by Bott et al., (2009) . These PCR products amplified in 227 accordance with the L 3 tissue DNA extracts (PCR positive controls), while no products 228 were amplified from DNA extraction negative controls (faeces only with WEC <50 epg) for 229 any of the species-specific PCRs. Using spike analysis on different serial dilutions for each 230 strongylid species, the minimum amount of genomic DNA required for successful PCR 231 amplification was 2.0-5.0 pg (Table 3) . 232
Comparison of worm egg counts with PCR 233
The levels of agreement between WEC and PCR results in identifying patent 234 strongylid infections (κ statistic) are shown in Table 4 . The overall κ value was 0.95 ± 0.01 235 (standard error). 236
Fourteen of 1004 samples (1.4%) were McMaster WEC flotation positive (all 50 237 epg) and PCR negative. Following spiking of these sample extracts with 1 μL purified DNA 238 from each of the five strongylid species, the spiked DNA mixture was screened by each 239 species-specific PCR to test for inhibition. All PCR assays amplified in accordance with L 3 240 tissue DNA extracts, indicating that no faecal inhibition was present. 241
Five of 1004 samples (0.5%) that were McMaster WEC negative and PCR positiveM a n u s c r i p t
Page 12 of 12 circumcincta (n = 1), T. colubriformis (n = 2) and C. ovina (n = 2) were 100% identical with 244 GenBank reference sequences, confirming the initial results. 245
Epidemiology of strongylid species 246
The overall strongylid prevalence was 97.2% (95% confidence interval, 95% CI, 247 92.0-99.4) for Farm A and 94.1% (95% CI 88.3-97.6) for Farm B. Teladorsagia 248 circumcincta was the most frequent strongylid species identified in both lamb flocks, 249 followed by Trichostrongylus spp., C. ovina and Oesophagostomum spp. (Table 4) respectively. 257
The number of samplings that lambs tested positive for each strongylid species is 258 presented in Figure 1 . The arithmetic mean number of strongylid species detected per 259 lamb ranged from 0.43 ± 0.06 (mean ± SE) to 2.19 ± 0.07 for Farm A and from 0.34 ± 0.05 260 to 1.22 ± 0.08 for Farm B at different times of sampling. Lambs (2-6 weeks of age) at the 261 first sampling had the lowest mean number of strongylid species detected per lamb on 262 both farms. The highest mean number of strongylid species detected per lamb was 263 identified in both flocks, either at the sampling when an anthelminthic treatment was 264 administered (Farm B) or at the final sampling with lambs in lairage awaiting slaughter 265 (Farm A). For Farm A, the mean number of strongylid species detected per lamb at 266 lairage, was significantly different to all other samplings (P <0.001), while, for Farm B, theM a n u s c r i p t
Page 13 of 13 the first and third samplings (P <0.001). Figure 2 shows the proportions of lambs from 269 each farm with the relevant number of strongylid species detected per individual. 270
Mixed strongylid infections 271
In both flocks, 100% of lambs were PCR positive for two or more strongylid genera 272 at one or more samplings, with mixed strongylid prevalences ranging from 26.6-100.0% 273 (Table 4) . For both farms, T. circumcincta and Trichostrongylus spp. were the most 274 frequent mixed strongylid infections. 275
Faecal worm egg count correlations with PCR results 276
On both farms, the highest individual strongylid species prevalences, mixed 277 strongylid prevalence and mean number of strongylid species detected per lamb coincided 278 with the highest average flock WEC; 1,164 epg (adjusted WEC at the final sampling) for 279
Farm A and 273 epg (adjusted WEC at the third sampling) for Farm B (Table 4 ). The 280 number of strongylid species detected per lamb had a significant positive correlation with 281 WEC and adjusted WEC (r 2 0.026-0.591; Table 4 ). 282 283
Discussion 284
This study utilised recently described diagnostic PCRs (Bott et al., 2009) , which had 285 previously been used to screen genomic DNA extracted directly from faeces (Sweeny et 286 al., 2011) . However, in contrast to the previous study, the sensitivity of such a diagnostic 287 approach was examined over an extended period of 8 months (across five separate 288 sampling occasions), to assess the sensitivity of the previously reported molecular 289 diagnostic procedure in comparison with WEC. Bott et al., (2009) (collected from lambs both on-farm and in lairage) that may interfere with PCR 295 amplification. This supported the recent findings of high levels of agreement (93%) 296 between PCR and WEC results (Sweeny et al., 2011) , with the current study highlighting a 297 varying sensitivity range at different samplings (κ values from 0.85-1.00). All positive 298 controls amplified at the correct product length and all sequenced PCR products were 299 100% identical with GenBank reference sequences. Although complete inhibition did not 300 occur, the minimum amount of genomic DNA required for PCR amplification of the ITS-2 301 region, was higher (2-5 pg) in this study compared to a previous study using egg flotation 302 and column-purification (0.1-2 pg) (Bott et al., 2009) . Despite no minimum amount of 303 genomic DNA for PCR amplification recorded in a previous study (Sweeny et al., 2011) 304 which utilised the same molecular diagnostic procedure as the present study, the minimum 305 DNA detection limit results suggest that low concentrations of faecal inhibitors were likely 306 to exist following DNA extraction directly from faeces. 307
The source of strongylid DNA includes eggs that have been produced by mature 308 female worms and passed in the faeces, i.e. established, patent infections. Screening for 309 strongylid DNA extracted directly from faeces by PCR for such purposes has some 310 disadvantages. The first is the inability to distinguish between patent and non-patent 311 sources of strongylid DNA. Strongylid worm/larval tissue segments passed in faeces 312 potentially can be amplified by PCR if the DNA yield is above the minimum detection limit. 313
At the fourth sampling for Farm A lambs (6-7 months old) and the third sampling for Farm 314 B lambs (3-4 months old), kappa values were at their lowest (89% and 85%, respectively). 315
Furthermore, correlations between PCR and WEC decreased as the lambs aged (except 316 for the final sampling on Farm B). This could be due to an increased probability of false 317 PCR positive identification (non-patent DNA sources), whereby acquired immunity 318 developed by lambs grazing strongylid contaminated pastures, would lead to a decreasedM a n u s c r i p t
Page 15 of 15 passed in the faeces (Dobson et al., 1990a; Dobson et al., 1990c, b, d) . The higher levels 321 of agreement observed in lairage (100% and 93% for Farms A and B, respectively) are 322 potentially attributed to an increased worm egg concentration in faeces, as lambs were 323 held off feed and had limited water access prior to slaughter (Jacobson et al., 2009) . 324 Nevertheless, with some lambs testing negative for strongylid infections while 325 grazing pastures infested with larvae, the strong correlations between WECs and the 326 number of strongylid species detected per lamb by PCR and the highest strongylid species 327 prevalences coinciding with the highest average flock WECs, all indicate that strongylid 328 eggs are likely to be the main source of DNA produced from faecal extractions. 329
Commercial DNA isolation kits require only a small sub-sample of faeces to be 330 taken from the centre of each sample. Uneven distribution of strongylid worm eggs within 331 faeces (Sinniah, 1982; Tarazona, 1986; Hoste et al., 2001) 2001) or DNA concentrations below the minimum DNA detection limit for PCR (2-5 pg), 347 may have lead to some strongylid infections going undetected. Such findings may also 348 indicate the presence of a strongylid species not screened for by a species-specific PCR 349 assay, which had eggs with an indistinguishable morphology from those of other species. 350
For instance, Cooperia spp. occur at low proportions in worm populations in sheep flocks 351 in southern Australia (Anderson, 1972 (Anderson, , 1973 Barger and Southcott, 1975) Abbott et al., 1986) . This PCR technique determines the proportion of a flock which 360 harbours specific strongylid species and would be beneficial in providing both a fast, 361 accurate diagnosis for effective strongylid control programmes and also for monitoring 362 treatment efficacy (Besier and Love, 2003; Coles et al., 2006; Woodgate and Besier, 363 2010) . Species-specific diagnosis has important implications for treatment decisions, 364 surveillance of anthelminthic resistance and where a high degree of precision for strongylid 365 species identification is required. In contrast, larval cultures have a biased tendency to 366 identify particular larval species (Dobson et al., 1992) . 367
Haemonchus contortus was not identified on either farm, even though all spiked H. inland regions of southern Western Australia, where the two farms in this study were 373 located, are characterised by environmental conditions whereby high temperatures and a 374 lack of moisture prevail over summer months. Such conditions are unfavourable for H. 375 contortus larvae survival (Besier and Dunsmore, 1993a, b) . 376
The high sensitivity of the molecular diagnostic procedure utilised to detect 377 strongylid infections from lambs of various ages, is potentially superior to microscopy-378 based methods. However, when costs of running the test are included in decision making, 379 affordable diagnostics are typically preferred (Hunt, 2011) . Despite DNA polymerases 380 incurring extra costs, PCRs offer increased sample throughput, decreased labour input 381
and the potential to screen for a variety of livestock pathogens (parasites, bacteria and 382 viruses). The major disadvantage of the molecular approach utilised in this study i.e. the 383 inability to distinguish between patent and non-patent sources of strongylid DNA, is 384 potentially an advantage for the early detection of strongylid parasites which contaminate 385 pastures. The differentiation of DNA origin source would not be critical for such a 386 procedure, although the ability to quantify the level of larvae exposure would be. There is 387 potential for further investigation in early larvae detection on pastures, by use of a 388 molecular procedure. 389 390
Conclusions 391
This study utilised PCR assays to identify different patent strongylid species 392 infections in lambs, using DNA extracted directly from faeces with a commercial DNA 393 isolation kit. The sensitivity of such a diagnostic approach was examined over an extended 394 A c c e p t e d M a n u s c r i p t Confirm that PCR assays and conditions achieve successful product amplification. 
